Sañ udo-Peñ a, M. Clara and J. Michael Walker. Role of the cannabinoid receptor binding in this area (Herkenham et al. subthalamic nucleus in cannabinoid actions in the substantia nigra 1991a).
the SNr that act at striatonigral terminals releasing GABA and dynorphin (Sañudo-Peña et al. 1996; You et al. 1994 ). This finding again suggested that cannabinoids inhibit neuro-I N T R O D U C T I O N transmitter release in the SNr. However, the administration The term cannabinoid refers to psychoactive compounds of cannabinoid agonists alone in the SNr induced contralatobtained from the plant Cannabis sativa (marijuana) and to eral rotation, a finding consistent with cellular inhibition in other exogenous and endogenous substances that possess a this circuitry and therefore opposite to the facilitation that similar pharmacological profile. Other than their well-known would be expected from a cannabinoid action at striatonigral psychotropic actions, these substances induce many differ-terminals in the SNr (Di Chiara et al. 1979 ; Sañudo-Peña ent effects including profound changes in motor function et al. 1996) . This apparent contradiction suggested the pres- (Abood and Martin 1992; Howlett 1995) . The motor effects ence of a second site of action of cannabinoids in the SNr of cannabinoids are not surprising when one considers the that may mediate these unexpected behavioral effects of canhigh levels of cannabinoid receptors in brain areas implicated nabinoids (Sañudo-Peña et al. 1996) . in the control of movement (Herkenham et al. 1991a,b; Mail- Whereas the striatonigral input is inhibitory, the subthaleux and Vanderhaeghen 1992). The basal ganglia, a group lamic nucleus provides the main excitatory drive to the SNr of brain nuclei involved in motor processing, possess partic- (Graybiel 1990; Robledo and Feber 1990) . Therefore it repularly high levels of cannabinoid receptors (Herkenham et resents a good candidate for an opposite action of cannabinal. 1991a,b; Mailleux and Vanderhaeghen 1992) .
oids within this circuitry. The current work was designed to The substantia nigra pars reticulata (SNr), an output struc-test this hypothesis. ture for the basal ganglia, has extremely high levels of cannabinoid receptors (Graybiel 1990; Herkenham et al. 1991a,b; M E T H O D S Mailleux and Vanderhaeghen 1992) . SNr neurons secrete gMale Spague-Dawley rats (Charles River Laboratories), Ç280 -aminobutyric acid (GABA), tonically inhibiting movement 320 g at the time of surgery, served as subjects. On the day of production through the inhibition of their projection areas the experiment the animals were anesthetized with chloral hydrate (reviewed by Albin et al. 1989; DeLong 1990; Graybiel (initial intraperitoneal injection of 400 mg/kg, followed by intrave-1990). However, the substantia nigra is devoid of detectable nous supplemental administration as needed) and placed in a stelevels of mRNA for the cannabinoid receptor, which indi-reotaxic frame. A glass cannula (142 mm OD, Polymicro Technolocates that the receptors are mainly located on axon terminals gies, Phoenix, AZ) was implanted into the subthalamic nucleus in this structure (Herkenham et al. 1991a; Mailleux and (coordinates: 5 .2 mm anterior, 12.2 mm lateral, 13.1 mm ventral Vanderhaeghen 1992). The striatum has been identified as from bregma and the skull surface with a 50Њ angle) and the subthaa major source of cannabinoid receptors to the substantia lamic nucleus was stimulated by injection of 0.2-0.4 ml of 0.05 also disrupts the striatonigral pathway, an assumed site of action of cannabinoids at the SNr. A stainless steel microelectrode (impedance 5 MV; FHC, Brunswick, ME) was stereotaxically inserted into the SNr with the aid of a hydraulic device. Coordinates were 3.2 mm anterior, 2.2 mm lateral, 6.7-8.7 mm ventral from lambda and the skull surface. SNr cells were identified by their characteristic firing properties (Bunney et al. 1973) and by their location ventral to dopaminergic cells in the SNc. At the end of the experiment the location was marked by passing 2 mA of current for 15-30 s through the electrode. The sections were fixed with 10% Formalin with 1% potassium ferrocyanide to mark the location of metal deposit. The cannabinoid agonist WIN55,212-2 (0.5 mg/ml) and the antagonist SR141716A (0.5 mg/ml) were dissolved in 25% 2-hydroxypropyl-b-cyclodextrin (RBI, Natick, MA) and administered intravenously at a dose of 1 mg/kg. Data analysis was performed with the use of the paired t-test.
R E S U L T S
Histological examination of the tissue revealed that the knife cut effectively separated the substantia nigra and subthalamic nucleus from rostral areas of the brain (Fig. 1, top) . Furthermore, the microinjection in the subthalamic nucleus was verified in each animal included in the study and was found to occur with minimal damage to the surrounding tissue (Fig. 1b) . Examination of the metal deposits placed at the end of each experiment verified that all recording sites were localized to the SNr (Fig. 1c) .
As observed previously (Bunney et al. 1973) , SNr neurons (n Å 10) exhibited brief (õ1 ms) action potentials that occurred spontaneously at a rate of 51 { 5 (SE) Hz, range 30-70 Hz. All of the neurons we recorded showed an even rate of discharge. Microinfusion of bicuculline into the subthalamic nucleus induced a significant increase in the firing rate of SNr neurons (20 { 4%, range 7-40%, n Å 10; P°0
.002, Fig. 2a , Table 1 ), as reported previously in intact animals (Robledo and Feber 1990) . This increase in firing was attenuated by the the cannabinoid agonist WIN55,212-2 (P°0.005, Fig. 2b , Table 1 ). The effect of WIN55,212-2 was significantly antagonized by the competitive cannabinoid antagonist SR141716A (P°0.006). FIG . 1. Schematic of the preparation employed in this study. Top: drawing of the rat brain in sagittal section showing the known inputs to the substantia nigra pars reticulata (SNr) that contain cannabinoid receptors D I S C U S S I O N and the level at which the knife cut was performed (hatched vertical plane). The striatonigral pathway is inhibitory, whereas the subthalamonigral input
The experiments described above demonstrate that cannais excitatory. CPU, caudate-putamen; Sth, subthalamic nucleus. a, left: binoids dampen the excitatory drive in the SNr produced by photograph coronal section of rat brain showing location and extent of the the subthalamic nucleus. This effect was apparently mediknife cut rostral to the Sth demarcated by the dashed lines in the schematic at right. CA3, field CA3 of Ammon's horn; DG, dentate gyrus; mt, mammil-ated by an action of the drug at cannabinoid receptors, belothalamic tract; par, parietal cortex; Re, reuniens thalamic nucleus; RF, cause it was antagonized by SR141716A. Such a conclusion rhinal fissure; sm, stria medullaris of the thalamus; ZI, zona incerta; 3v, is consistent with the existence of cannabinoid receptor to inhibit neurotransmission at the striatal input to the SNr sented by the black circle in the SNr. SNc, substantia nigra compacta; SNl, substantia nigra lateral. (Miller and Walker 1995; Sañudo-Peña et al. 1996) suggests that cannabinoids modulate both inhibitory and excitatory inputs to the SNr and may thus play a major role in the subthalamic nucleus also innervates the striatum and globus palregulation of this important output structure of the basal lidus, which in turn project to the SNr, a knife cut was performed ganglia.
1 mm rostral to the location of the cannula in the subthalamic
The lesion performed in this study isolated the subthalanucleus to isolate these rostral areas of the basal ganglia from the subthalamic nucleus and substantia nigra (see Fig. 1 (Shen et al. 1996) . Bestimulation, and after administration of the cannabinoid agonist WIN55,212-cause of this and a previous report demonstrating inhibition 2 (iv) and the cannabinoid antagonist SR141716A (iv).
of N-and Q-type Ca 2/ channels by cannabinoids (Mackie
